The creation of modern radio-engineering constructions and radioelectronic apparatus is impossible without the presence of new high-frequency and ultrahigh-frequency constructional dielectrics.
Experimental studies carried out in recent years on the creation of new polymer composites to meet the requirements of modern high-frequency and ultrahighfrequency dielectrics used in conditions of high levels of electromagnetic radiation and extreme climatic conditions have shown that the most promising polyolefins for these purposes include high-density polyethylenes ,i.e. low and medium-pressure polyethylene [1] .
It was established by comparison of the properties of standard types of high-pressure PE with the technical requirements for sheet and foil h.f. and u.h.f. dielectrics that high-pressure polyethylene fully meets the requirements regarding its dielectric characteristics, but that as regards the amount of heat shrinkage, thermal stability, tendency to warping and light and heat ageing these materials cannot be recommended as a constructional dielectric material. With the aim of reducing the heat shrinkage and warping of products made from standard high-pressure polyethylene while retaining their high dielectric characteristics a method was developed for heat treatment of the basic types of high-pressure PE at 320-380 °C by the introduction into the polymer melt of 20 -30 mass% of different types of radioceramics with subsequent gamma irradiation of the finished products made from these compositions. It is also possible with this method to reduce the heat shrinkage of sheet and foil PE dielectrics from 1.5 -2.0% to 0.15 -0.05%, which fully meets the technical requirements. Experimental batches of these dielectrics were subjected to bench tests at specialised establishments, and showed a considerable advantage over existing h.f. and u.h.f. dielectrics, and have been recommended for industrial use [2] .
The fillers employed for the creation of polymeric constructional dielectrics with enhanced dielectric permittivity (ε') and coefficient of thermal conductivity (λ) consisted of crystalline silicon, nitrides of aluminium, silicon, boron, and titanium, titanium carbonitride, titanium dioxide, boron carbide, a barium mixture, bronze and other metallic powders. It was found from the studies that with a content of crystalline silicon in the polyethylene of 40 -60% by mass the values of λ are 2.3 to 2.5 times greater than in a composition with other fillers. The value of ε' of highpressure PE compositions with up to 80% filling at a frequency of 10GHz reaches as high as 17. It was shown that the most effective fillers for these purposes are crystalline silicon and nitrides of silicon and aluminium [3] .
The use of industrial light and heat stabilisers for stabilising polyethylene used in h.f. and u.h.f. dielectrics is severely restricted by the fact the introduction of even small amounts of these into the polymer (0.15 -0.20 mass%) increases by 4 -5 times the dielectric loss tangent, which is a very important property for dielectrics.
In order to find light-and heat stabilisers to improve the service properties of polyethylene while reducing the dielectric properties only slightly, studies were carried out on the effect on the basic properties of medium-pressure polyethylene of a number of new synthesised organic compounds which after prolonged testing exhibited high light and heat stability and were recommended for wide use. Such compounds include derivatives of acetophenone containing mono-, diand trisubstituted compounds of the latter [4] , aniline sulphate [5] , a mixture of aniline salts obtained by purification using sulphuric acid of waste water [6] and dimethylaminomethylcyclohexylnaphthenes [7] .
It was found that HPPE compositions containing 0.2 -0.8% of these compounds fully retain their initial tensile strength after 300 h of UV irradiation, whereas in HPPE specimens stabilised with the light stabilisers Benzon-OA and Tinuvin-328 the strength loss over the same period is 30 -35%. After UV irradiation of the specimens stabilised with the new compounds tan δ does not change appreciably, remaining at the level of 0.0008 -0.0010, where in the specimens stabilised with industrial stabilisers tan δ deteriorates considerably, reaching 0.002 -0.003 [8] .
With the aim of obtaining plasticised compositions based on medium-pressure polyethylene with improved physico-mechanical, service and processing properties we used for the first time esters of tricyanethylkacetophenone synthesised by us as a bifunctional plaster.
The results of test showed that esters of octyl, decyl and undecyl alcohols and of tricyanethylacetophenone possess the properties required of plasticisers: they combine well and are easily introduced into the polymer, and have low flowability, are chemically resistant and have no odour. The introduction of these plasticisers into polyethylene improves the rheological and service properties of the polyethylene; and the composition has good dielectric properties, improved non-combustibility (below -70°C and resistance to light and heat ageing [9] .
The search for low-cost industrial products that could be used to give HPPE high elasticity led to the consideration of a series of by-products from the petroleum industry as plasticisers. The most effective of these were waste products from the selective (extract) and sulphuric acid purification (NKG de-emulsifier) of oily distillators [10] , still residues of diphenyl [11] , deparaffinisation of oils and semi-tars. All these products combine well with the polymer matrix in concentrations of up to 20% by mass, and considerably improve the processing and service properties of the composition, and have good dielectric properties, and show practically no blooming from the composition [12] .
Further search for plasticisers for HPPE among the waste products and by-products of petroleum chemistry and processing revealed the possibility of producing a plasticised composition with high strength characteristics. A method was developed for obtaining Lacoil Neftegaz-4, consisting of a 55 -65% solution of acidic tar obtained by sulphuric acid treatment of aromatic fractions of liquid products of pyrolysis in a hydrocarbon solvent. The presence in the Lacoil of a certain amount of unsaturated hydrocarbons facilitates partial crosslinking of the polymer macromolecule, and this helps to prevent migration of the plasticiser into the ambient environment, reducing the mass fraction of volatiles and increasing the strength and service properties of the composition [13] .
Since radioelectronic apparatus (REA) and radioengineering constructions (REC) are often employed under conditions of heightened radiation and in chemically polluted media, constructional dielectrics must possess high radiation and chemical resistance. In connection with this, when designing plasticised radiation-resistant high-pressure PE compositions we used some organometal compounds consisting of still residues of dibutylferrocene (SRDBF) and diallylferrocene (SRAF). It was found that plasticised SRDBF compositions of HPPE retain a high stability of their properties under the long-term effect of the ambient atmosphere, UV irradiation, heat and gamma radiation. Particularly high radiation resistance is observed with SRAF, which ensures partial chemical crosslinking of the polymer matrix and thus gives the polyethylene high moisture-, heat-and radiation resistance [14] .
Apart from high dielectric, strength and processing properties the polymers used in the electrical engineering and radio-electronic industry must also have flame resistance, but the production of such polymers is a very complex problem.
The introduction into the polyethylene of 15 -20% of standard halogen-containing organic additives in combination with 10 -15% antimony trioxide leads to a considerable deterioration of the initial dielectric characteristics of the polyethylene. It was therefore expedient to synthesise new chemical compounds (flame retardants) providing the required characteristics of the polyethylene as regards flame resistance and dielectric properties at a fairly low content of the flame retardants. A series of halogen-containing organic compounds was synthesised to serve as such flame retardants. Studies of the flame resistance of the low-flammability polyethylene compositions developed by ourselves in collaboration with the Polymer Materials Research Institute of the Academy of Sciences of Azerbaijan showed that the incorporation into high-density polyethylene of the chlorine-containing organic compounds: 1-m,mdichlorophenyl-2,2-propionitryl-1-butyronitryl-1 (DChPB); 1,2,3,4,7,7-hexachloro-5(trichloracetoxy)methylbicyclo-(2,2,1)-heptene-2 (HChMH); tetrachlorodilkoxybicyclic unsaturated ester of chloracetic acid (TUEChA); 1,2,3,4,7,7-hexachlorobicyclo-(2,2,1)-heptene-2-methyl-5-ester of p-bromobenzoic acid (PChBEB); Noximedichlorendic acid (OChEA); 1,2,3,4-terachloro-7,7-dimethoxy-5(trichloracetoxy)-methylbicyclo(2,2,1)-heptene-2 (TDMH) in amounts of 5 -10% by mass in combination with 3 -10% of antimony trioxide (Sb 2 O 3 ) considerably improves the flame resistance of the composition. The resulting materials do not ignite in a period of 240 -360 s. The mass loss during combustion of these compositions does not exceed 10%. Also their dielectric and physico-mechanical properties are retained at the level of the technical requirements stipulated for electrical insulation h.f. materials [15] [16] [17] [18] .
The composition and electrophysical properties of the HDPE compositions with these chlorine-containing T/36 compounds are shown in Table 1 .
For the purpose of improving the value of tan δ of the polyethylene compositions an attempt was made to obtain self-extinguishing compositions without the presence of antimony trioxide using only bromine-containing compounds.
Among the bromine-containing compounds conferring increased flame resistance and good dielectric properties on polyethylene, the most effective are: 2,4,6-t r i b r o m o p h e n y l i m i d e -1 , 2 , 3 , 4 , 1 1 , 1 1 -hexachlorotricycloundecene-7,8 -dicarboxylic acid, hexabromodiphenylamine, tribromaniline, 2,4,6-tribromo-p-aminobenzoic acid, hexabromobenzene, decabromodiphenyloxide (DBDO), which are characterised by good compatibility with a polymeric matrix [19] .
It was found that these bromine-containing organic compounds can give polyethylene reduced flammability at contents of 5 -20% without the presence of antimony trioxide (time to beginning of combustion 15 s, mass loss 0.2 -1.5% by mass).
To reinforce the effect of the flame retardant we used antimony trioxide and liquid derivatives of ferrocene as a synergistic additive.
It was established that owing to the symmetry of the structural elements ferrocene and its alkyl derivatives impair the tan δ of the composition much less than antimony trioxide.
The rate of exudation of the flame retardants and additives from the low-flammability polyethylene compositions showed that by contrast with ferrocene, its derivatives have low volatility and are good synergistic agents for slowing down ageing. It was found that the additives to the flame-retardant compositions of metalcontaining compounds reduce the probability of formation of toxic gases and smoke. The use of a complex flame retardant based on ferrocene and its derivatives was found to eliminate their exudation from the composition, and this considerably improves the service reliability of the material.
In order to increase the flame resistance and resistance of the polymer dielectric to the action of gamma irradiation and high level of electromagnetic energy we also added to the polymer composition diallylferrocene (DALF), consisting of a liquid with a boiling point of 107 -109°C at 1.5 -2.0 mm Hg and a freezing point below -80°C.
A low-flammability composition of LPPE containing 30 -35% DBDO, 5 -7% Sb 2 O 3 , 0.5 -1.0% DALF and 5% polyethylsiloxane liquid (low-flammability composition LIR-30-5/5) has good rheological and electrophysical properties and good fire and radiation resistance. The temperature-frequency characteristics of tan δ and ε' of the low-flammability composition LIR-30-5/5 showed that the magnitude of tan δ of this composition oscillates in the range (5-7) 10 4 at 1 KHz and (4-6) 10 4 at 1 MHz, whereas ε' has practically no frequency dependence and varies in the range 2.3 -2.4 [16] .
It was found that in the temperature range from -170 to 130°C the dependence tan δ = f(T) has two relaxation regions, which pertain to the α and γ processes. The activation energy of the relaxation process for the lowflammability composition is of the order 55 KJ/mol.
As a result of the investigations and experimental studies on the creation of new modified additives for polyethylene we have developed more than 20 light-, heat, flame-and radiation-resistant plasticised heatconductive and low-shrinkage HDPE compositions which were tested in special premises and are recommended for wide use as constructional dielectrics.
A plasticised composition of HDPE containing 15 -20% of petroleum plasticisers (extract and de-emulsifier) was subjected to testing as cable insulating material at the Mingechaursk factory Azerkabel and recommended for comprehensive testing. Heat-treated, plasticised and lowflammability compositions of polyethylene were employed in the development of radiopermeable covers (RPC) of types 2DAG-U and 6 DAG-U in the Institute of Mechanics of the Ukrainian Academy of Sciences, which for more than 10 years have shown high service reliability under real use conditions [20] .
CONCLUSIONS
Theoretical and applied bases have been developed for the tailored modification and preparation technology for new generations of constructional polymeric materials for radio-engineering applications based on primary and modified types of polyethylene.
As a result of tests new light-, heat-, flame-, chemicaland radiation resistant filled and plasticised compositional materials have been developed. These were used to obtain highly effective radio-permeable and low-shrinkage polymeric h.f. and u.h.f. dielectrics required to achieve the high technical level of modern radio-electronics and radio-engineering.
